Introduction {#cow060s1}
============

Impacts of acute or chronic environmental stressors on wildlife are typically quantified directly using mortality rates derived from carcass counts ([@cow060C48]; [@cow060C12]) or multiyear census data ([@cow060C64]; [@cow060C69]), which are then incorporated into demographic models to estimate the population-level effects of stressors ([@cow060C25]). In addition to causing immediate mortality, however, stressors can also act sublethally through secondary pathways including reduced habitat quality ([@cow060C17]; [@cow060C68]), compromised physical condition ([@cow060C52]), physiological and genetic modifications ([@cow060C41]) or increased susceptibility to existing threats, such as disease or environmental fluctuation ([@cow060C5]; [@cow060C62]). Many of these indirect and sublethal stressors subsequently impact demographic processes by reducing long-term survival or reproductive fitness in surviving individuals ([@cow060C33]; [@cow060C46]) but often are not explicitly or adequately addressed in demographic calculations and projections. Moreover, as reductions in adult condition and habitat suitability make it less likely for breeders to meet the energetic demands of territory defense, egg production, incubation and provisioning young, the breeding process itself is likely to compound impacts of environmental stress ([@cow060C16]; [@cow060C24]). Indeed, demographic models that do not accurately incorporate secondary effects of environmental stressors on breeding success and recruitment cannot accurately predict or quantify the complex population-level impacts of environmental perturbations ([@cow060C47]; [@cow060C25]).

Despite widespread understanding of the capacity of sublethal environmental stress to affect reproduction and recruitment negatively, it can be difficult to determine the most appropriate end points for measuring these effects ([@cow060C56]). In order for post-disturbance measurements to be informative, there must be a pre-existing understanding of the level of variation in reproductive parameters expected in baseline conditions ([@cow060C59]; [@cow060C60]). Such data are not always available for species of interest prior to catastrophic events ([@cow060C20]). Moreover, the collection of reproductive data can be time and labour intensive and can involve researcher disturbance, which may make it difficult to implement rapidly in the wake of unexpected external change ([@cow060C63]). Snapshot measures of reproductive health, such as body condition index (BCI; e.g. [@cow060C27]; [@cow060C6]), can be collected during a single visit and with minimal disturbance, allowing for rapid data collection across large areas after disturbance events. However, these measures have high short-term variability, and their relationship to demographic parameters of interest (e.g. reproductive success) must be evaluated in order to select appropriate metrics.

Stress hormone production offers a broadly applicable metric for assessing the impacts of environmental stressors on free-living wildlife populations ([@cow060C52]). Corticosterone (CORT) is the principal glucocorticoid stress hormone in birds, rodents, reptiles and amphibians, and is frequently used as a measure of individual stress responses to environmental conditions and disturbance (e.g. [@cow060C40]; [@cow060C29]; [@cow060C7]; [@cow060C8]; [@cow060C1]). Stress hormones are upregulated in response to perceived stressors, prompting short-term behavioural adjustments (e.g. aggression, submissiveness) and physiological modifications (e.g. immunosuppression; [@cow060C39]). Over time, however, chronic elevation in corticosterone levels in response to chronic stress may negatively affect organism health by altering immune function, growth rates, body condition and behaviour ([@cow060C54]). Corticosterone levels in adult individuals can be confounded by short-term energetic and behavioural differences ([@cow060C3]) and may change over life stages ([@cow060C67]; [@cow060C9]). Within avian taxa, measuring corticosterone in altricial young controls for some of these influences, as their exposure to stress is localized and their range of behavioural responses restricted ([@cow060C30]; [@cow060C19]). Short-term exposure to acute stress during development can have positive effects, such as preparing individuals to respond more effectively to novel environments and unpredictable conditions later in life ([@cow060C57]; [@cow060C71]). However, chronic elevation in stress levels is associated with severe developmental consequences, including reduced growth rates, impaired cognitive ability and elevated mortality in adulthood (e.g. [@cow060C30]; [@cow060C43]; [@cow060C42]; [@cow060C42]). Therefore, differences in nestling corticosterone levels provide an initial indication of potential long-term differences in individual survival and reproductive performance, which ultimately drive population dynamics ([@cow060C32]).

While corticosterone levels in blood plasma can be elevated by short-term factors, such as stress resulting from capture ([@cow060C38]; [@cow060C51]), corticosterone in avian feathers provides a more sustained record of stress levels over days or weeks ([@cow060C10]; [@cow060C26]; [@cow060C50]). Feather corticosterone measurements allow for direct comparison of long-term nestling stress levels between different breeding habitats, where variations in nutrition, contamination, predation and parental attendance may affect chronic chick stress even if no outward physical differences are apparent ([@cow060C11]; [@cow060C26]). Recent laboratory and field studies have demonstrated that chronic nutritional stress affects feather corticosterone levels in both captive and free-living seabirds ([@cow060C45]; [@cow060C66]), indicating that feather corticosterone is an appropriate metric for evaluating effects of stressors on chick development.

We assessed the utility of two snapshot nestling health measures, feather corticosterone (feather CORT) and BCI, for assessing reproductive success in the brown pelican (*Pelecanus occidentalis*), a nearshore seabird with altricial chicks that is frequently subjected to acute environmental stressors, including disturbance, oil exposure and hurricanes ([@cow060C65]). Body condition indices are based on nestling mass, which represents both long-term lipid reserves and short-term fluctuations ([@cow060C34]), whereas feather CORT integrates levels of hormone deposition during the 2--3 week period of feather growth preceding feather collection. We assessed the relationship of feather CORT and BCI to survival probability of individual nestlings, as well as to correlative population-based measures of nutritional stress, colony-wide fledging success and post-fledging dispersal. Our predictions were as follows: (i) 3- to 4-week-old nestlings with higher BCI would have lower levels of feather CORT (and vice versa); (ii) the probability of individual nestlings surviving to fledge would increase with increasing body condition and decreasing corticosterone measured at 3--4 weeks of age; (iii) colony-wide fledging success would be highest at colonies with higher average body condition and lower feather corticosterone measured in 3- to 4-week-old chicks; and (iv) feather corticosterone would increase and BCI decrease with increasing nutritional stress, measured by lower rates of energy delivery to nestlings.

Materials and methods {#cow060s2}
=====================

Study species {#cow060s2a}
-------------

The brown pelican is a large-bodied nearshore seabird that inhabits marine environments year-round ([@cow060C55]). Brown pelicans feed on schooling fish by plunge-diving, and can carry large masses of fish in a single pouch-load while feeding nestlings. They nest in large offshore colonies that can number several thousand individuals. Nest elevation can vary widely depending on available habitat, from open ground to tree sites up to 10 m in elevation. Brown pelicans typically lay three sequentially hatching eggs, which require an incubation period of \~30 days, and raise one or two young. Although nestlings can fly at \~60 days, they generally do not leave the nesting colony until 70--90 days after hatching. Brown pelicans exhibit biparental care and feeding throughout the nesting period. At least one parent attends the nest at all times until chicks become mobile (\~3--4 weeks), after which point parents are generally present at the nest site only when feeding chicks. Feedings may occur multiple times per day.

Study area {#cow060s2b}
----------

We studied breeding brown pelicans between 2013 and 2015, throughout the northern Gulf of Mexico (Fig. [1](#cow060F1){ref-type="fig"}). We selected colony sites to represent the full geographical range of pelican breeding areas in the region, with the exception of South Florida. In 2013, we collected physical measurements and feather samples from 3- to 4-week-old chicks at six colonies: two in the Florida panhandle, two in the Louisiana delta, and two along the central Texas coast. In 2014, we conducted chick sampling and monitored nest productivity at four colonies along the central and northern Texas coast. In 2015, we conducted chick sampling and monitored nest productivity at three colonies in the Florida panhandle and one in Alabama. Each colony site was sampled during a single breeding season. Figure 1:Location of brown pelican colonies sampled in the northern Gulf of Mexico. Marker sizes represent relative colony size (75--5000 nesting pairs). Nestling health samples were collected from all colonies, and nutrition and productivity data were also collected from colonies outlined in red. Locations of other brown pelican nesting colonies in the region are indicated in yellow.

Nestling body condition {#cow060s2c}
-----------------------

We randomly selected 3- to 4-week-old nestlings for sampling based on either hatch dates (where known) or plumage development (fully developed scapular contour feathers, remiges and rectrices in pin). If multiple nestlings were present, we sampled all siblings and determined hatch order based on culmen length (i.e. culmen length was assumed to be greater in first-hatched than second-hatched chicks, and in second-hatched than third-hatched chicks; [@cow060C18]). Nestlings were readily captured by hand at or near nest sites. We collected physical measurements (culmen length, tarsus length, wing chord and mass), checked for the presence of ectoparasites, and counted all ticks found on the underside of the left wing. We also banded each chick on the right tarsus with a uniquely numbered stainless-steel US Geological Survey Bird Banding Lab leg band.

To calculate BCI, we conducted a principal components analysis on the three measures of skeletal size we collected: tarsus length, culmen length and wing chord ([@cow060C6]). Using each individual\'s score on the first principal components axis (PC1) as an index of overall skeletal size, we calculated the best-fitting regression equation for the relationship between mass and principal component score. We chose a second-order polynomial to represent accurately the nestling growth process, which is initially linear but reaches a peak and descends slightly prior to fledging ([Supplementary material, Fig. S1](http://conphys.oxfordjournals.org/lookup/suppl/doi:10.1093/conphys/cow060/-/DC1)). Finally, we calculated BCI as the standardized residual of actual body mass from the value predicted by the regression equation.

Feather corticosterone {#cow060s2d}
----------------------

At capture, we collected three or four scapular contour feathers from each nestling. Feathers were bagged and stored at room temperature until processing. We used random number generation to select 150 samples per year for CORT analysis, divided equally among study colonies. Following the recommendations of [@cow060C35], we restricted the range of sample sizes analysed by excluding from analysis samples that were extremely small (\<20 mg) and dividing samples larger than 160 mg into separate units for analysis. Mean total feather mass per sample was 87.8 (±41.6) mg, and mean total length per sample was 228.9 (±77.1) mm.

We closely followed the methods for feather CORT extraction and analysis originally described by [@cow060C10]. Briefly, we removed the calamus from each feather, weighed and measured feathers individually, and prepared the sample for analysis by snipping feathers into small (\<0.5 mm) pieces with scissors and transferring the entire sample into a 16 ml test tube. Each sample received 7 ml of HPLC grade methanol (VWR) and was placed in a sonicating water bath at room temperature for 30 min, then transferred to a 50°C shaking waterbath overnight with caps added to tubes to limit evaporation. After centrifuging tubes, we used disposable glass Pasteur pipettes \[Fisherbrand 5.75 inch (14.6 cm) or 9 inch (22.86 cm) and bulb, one use per pipette\] to transfer methanol extracts to 13 ml tubes and conducted two additional washes of the feathers, each with 2.5 ml methanol and each for 2 h. Each cumulative methanol extraction sample, totaling 12 ml, was dried down under a nitrogen evaporator rack in a water bath at 40°C, reconstituted in 200 µl buffer, and put on a rack shaker for an hour before aliquoting. We conducted a radioimmunoassay (MP Biomedicals, LLC; ImmuniChem™ Double Antibody Corticosterone ^125^I RIA Kit) following the included directions, modified by using half-volumes and a 1:4 dilution for our samples (12.5 µl sample + 37.5 µl buffer). A parallelism test validated the use of the MP Bio kit with serial dilutions of samples parallel to the standard curve and a 1:4 dilution at 65% binding and near the middle of the curve. The intra-assay coefficient of variation using duplicate samples was 1.7--2.2%, and inter-assay variation of pooled feather samples was 11%. We assessed feather CORT in a total of 365 chicks (2013, *n* = 126; 2014, *n* = 144; and 2015, *n* = 95).

An important consideration in measuring CORT in feathers is whether to normalize CORT concentrations by sample length or sample mass ([@cow060C10]). Elevated CORT levels can result in lower feather quality (mass per unit length) that may obscure the relationship between environmental conditions and CORT deposition in feathers ([@cow060C45]). Given that feather quality was negatively correlated with feather CORT in our samples (*P* \< 0.001, slope = −1.14 ± 0.15), we chose to normalize feather CORT using a measure of sample mass (in picograms per milligram) logarithmically transformed to meet assumptions of normality. To adjust for feather quality, we calculated the residual of the best-fitting regression line between logarithmically transformed CORT per milligram and feather mass per unit length, de-trended the data by subtracting the regression line, and used the adjusted values in all analyses. As feather quality is also positively correlated with nestling mass and nutritional intake ([@cow060C45]), normalizing by mass without adjusting for feather quality would exaggerate the strength of relationships between feather CORT, nutritional stress and fledging success.

Nutritional stress {#cow060s2e}
------------------

Nutritional stress in nestlings is the product of three component metrics: feeding rate (expressed as number of meals per chick per day), meal mass (in grams per meal) and energy density of prey (in kilojoules per gram). Following field methods used in previous studies (e.g. [@cow060C28]), we measured each of these metrics at the population level (breeding colony) and combined them to obtain an overall index of total daily energy delivery to nestlings (energy provisioning rate; EPR) for each study colony.

To measure feeding rates, we opportunistically selected groups of 15--20 nests at each colony visit and conducted 3 h observations, recording nest contents, arrival and departure times of adults, and feedings observed. Although we did not attempt to associate feeding rates with specific nests used for productivity and chick condition analysis, we selected nest groups in the same areas of the colony to ensure that we were sampling the same population. We considered a feeding to have occurred when a nestling inserted its head into the adult\'s gular pouch and emerged with its throat engorged ([@cow060C53]). Pelican nestlings are fed multiple times per day during daylight hours, and we observed an average of 0.17 feedings per chick h^−1^ across all colonies, or \~2.5 feedings day^−1^ for each nestling, with colony-specific averages ranging from 1.5 to 3.2 feedings per chick day^−1^. We did not observe extensive self-feeding by nestlings, and thus considered only direct feedings from adults to nestlings. To measure meal mass, we collected 8--10 regurgitated meals from nestlings at each colony every 5--7 days, varying the timing and location of collection opportunistically. We obtained regurgitates by approaching nestlings and collecting meals that were regurgitated voluntarily. All collected samples were stored in plastic bags and frozen for later analysis.

In the laboratory, we thawed each sample in a warm-water bath, dried off surface water using paper towels, then weighed, measured and identified to species each individual fish. We classified each fish as whole (no visible damage), partial-whole (total length obtained, but some soft tissues missing) or partial (total length could not be obtained). For samples containing large numbers of fish (50--1000 items per sample; 26% of samples), we counted the total number of individuals of each species, weighed and measured a subsample of 10 individual fish per species, and obtained a total weight and overall classification (whole, partial-whole or partial) for each species group. For samples containing extremely large numbers of fish (\>1000 items per sample; \<1% of samples), we weighed and measured a subsample of 10 fish per species, weighed the overall sample, and used the average weight per fish to approximate the total number of fish in the sample. We did not analyse samples for which the digestive process was too advanced to identify fish to species (1% of samples). To estimate the mass of partial-whole and partial fish, we calculated the length--weight relationship as the best-fitting regression equation between the logarithm of total length and the logarithm of the mass of whole fish for each species by year ([Supplementary material, Table S1](http://conphys.oxfordjournals.org/lookup/suppl/doi:10.1093/conphys/cow060/-/DC1)). For partial-whole fish (i.e. degraded fish for which we were able to measure total length), we used the regression line to estimate the corrected mass of the whole fish from its length. For partial fish (i.e. degraded fish for which total length was not measurable), we used the mean total length of whole and partial-whole individuals collected from the same breeding colony on the same day to estimate a corrected mass from the regression equation.

We measured proximate composition and energy densities in whole samples (bait fish and undamaged chick regurgitates) of the most common prey fish species using extraction techniques as described by [@cow060C4]. Briefly, we dried fish to determine water content, extracted lipids from dried fish to determine lipid content, and ashed lean dry fish to determine protein content. The energy density for each prey item was then calculated as the sum of energy for lipid and protein. Species for which we were able to measure energy densities directly comprised 93% by biomass of all prey samples ([Supplementary material, Table S2](http://conphys.oxfordjournals.org/lookup/suppl/doi:10.1093/conphys/cow060/-/DC1)). For less-common species (7% of total biomass), we substituted either energy density values from other species within the same family (4%) or, if no comparable values were available in our data or in the literature, biomass-weighted averages of all other prey species (3%). We calculated the total energy content of sampled meals based on mean energetic values for each prey species multiplied by biomass, then averaged over the total meal mass to obtain a value in kilojoules per gram.

Nest productivity and nestling survival {#cow060s2f}
---------------------------------------

We visited nesting colonies close to the end of the incubation period and selected three or four groups of focal nests per colony, each group containing 20--30 nests. In colonies containing both elevated and ground nests, we selected closely spaced groups such that each contained nests of one type or the other to allow for comparison. On our initial visit, we recorded nest contents, assigned an identifying number to each nest, and photographed the nest group from marked observation points that could be accessed without disturbance to focal nests. On return visits, we identified nests using the numbered photograph and checked the contents of each nest from the observation point. Once nestlings reached 3--4 weeks of age, concurrent with measurements and feather sampling, we banded nestlings on the left tarsus with a permanent plastic band (Haggie Engraving: 2014, green; and 2015, blue) engraved with a three-digit white alpha code to aid in resighting.

Once nestlings began to disperse away from nest locations, we searched the surrounding areas of the colony with binoculars for banded chicks and recorded all bands observed. We continued observations until chicks reached at least 60 days of age. Beginning \~8 weeks after hatching, we also conducted regular searches of the colony for dead banded chicks and recovered all bands found. To determine nest productivity (fledglings per nest), nestlings that were observed alive at least 60 days after hatching and disappeared from the colony, but were not found dead, were presumed to have fledged successfully ([@cow060C55]). We calculated plot- and colony-wide fledging success as the number of chicks fledged from observation nests, divided by the total number of nests observed.

To determine survival post-fledging, we relied on opportunistic resighting of banded chicks by colony monitors and birders along the coast of the Gulf of Mexico. We received band resightings and recoveries reported to the Bird Banding Lab, as well as directly to us through a dedicated Web portal. Sightings and recoveries were obtained throughout the US Gulf Coast and from Mexico until January 2016, representing a total of 88 unique individuals (15% of all colour-banded individuals). Post-fledging detection rates varied between colonies (6--20%), and we included a parameter for detection probability in survival models.

Statistical analyses {#cow060s2g}
--------------------

We visually assessed frequency distributions of measured variables and, where necessary, used logarithmic transformations to meet assumptions of normality. To evaluate the relationship between CORT and BCI as predictors of individual survival to fledge, we conducted logistic regression with a binary outcome (fledged or died) on each metric and assessed the fit of the resulting models. To assess the relationships between CORT, BCI, nest-specific factors and individual survival, we ran independent generalized linear models, each with a binary outcome (fledged or died; and resighted alive or recovered dead) and logit link. We used CORT, BCI, nest elevation (ground or elevated), nesting colony, date, hatch order and number of siblings as fixed factors.

To calculate colony-wide survival rates, we used a joint live recapture--dead recovery model ([@cow060C13]), which accounted for differences in detection probability between colonies as well as differences in survival. We assessed survival rates at two time steps: survival to fledge (3 months after hatching) and post-dispersal survival (6 months after hatching). Dead individuals were recovered in the intervals between time steps, and individuals were considered to have survived to a new time step if they were resighted alive after that period ended. Given that resightings and recoveries took place across the entire range of the population, we fixed dispersal parameters (*F*) at 1 (i.e. 100% probability that banded individuals remained in the sampling area). We derived parameter estimates for survival (*S*), recovery (*r*) and resighting (*p*) during each time interval using Markov chain Monte Carlo estimators with a burn-in of 1000 samples, followed by 4000 tuning samples and 10 000 runs.

To compare the relative value of different metrics (CORT and BCI) for predicting aggregate nest productivity and survival rates, we used a generalized linear modelling framework (Gamma, log link), with fledging success as the response variable and average CORT, average BCI, and the interaction of CORT with BCI as predictor variables. We computed Akaike\'s Information Criterion for small samples (AICc) values to account for the small sample sizes that resulted from using colony as the sampling unit and used these values for model comparison. Models were considered to receive strong support if they resulted in a ΔAIC~c~ ≤ 2 and moderate support if they resulted in a ΔAIC~c~ of between 2 and 4 ([@cow060C14]).

To assess nutritional stress by colony, we calculated the meal mass (in grams per meal), nestling provisioning rate (in meals per chick per hour) and energy density of meals (in kilojoules per gram) for each colony. These three components together form the energy provisioning rate (EPR, in grams per chick per hour; [@cow060C28]). To obtain a combined measure of EPR by colony, we modelled energy-days for each colony by randomly selecting (with replacement) 100 values for provisioning rate (in meals per day) from the set of measured values. The model then chose at random (with replacement) a mass and an energetic value for each meal, multiplied meal mass by energy density to obtain total energy content per meal, and summed total energy across all meals for each modelled day to obtain a set of energy provisioning rates (in kilojoules per day). We calculated the mean and standard deviation of EPR for each colony by averaging values obtained from 1000 runs of the model. We used generalized linear models (Gamma, log link) to assess the relationships of EPR and its component metrics to chick health parameters and nest productivity.

Results {#cow060s3}
=======

Individual survival {#cow060s3a}
-------------------

For individual nestlings, feather CORT concentrations were significantly negatively correlated to BCI (linear model: coefficient = −194 ± 31.6, *F*~1,364~ = 37.7, *P* \< 0.001, *R*^2^ = 0.09). Chicks that died before fledging had lower BCI (*F*~1,239~ = 6.1, *P =* 0.01) and higher CORT deposited in feathers (*F*~1,239~ = 24.7, *P* \< 0.001) at 3--4 weeks of age than chicks that were presumed fledged (i.e. survived until at least 60 days after hatching; Fig. [2](#cow060F2){ref-type="fig"}). Of the other covariates we tested, only nest height (linear model, ground relative to elevated: coefficient = −2.79 ± 0.80, *z*~109~ = −3.76, *P* \< 0.001) and body size (linear model: coefficient = 1.25 ± 0.43, *z*~109~ = 2.88, *P =* 0.004) were significantly correlated with individual fledging success. Nestlings from ground nests had significantly lower BCI (ground, μ~74~ = −97.2 ± 479; elevated, μ~117~ = 72.0 ± 363; *F*~1,191~ = 7.74, *P =* 0.006) and higher feather CORT (ground, μ~74~ = 2.08 ± 0.71; elevated, μ~117~ = 1.72 ± 0.64, *F*~1,191~ = 17.8, *P* \< 0.001) than nestlings from elevated nests. We did not find a significant effect of colony, region, year, sampling date, hatch order, number of siblings, or their interactions on fledging probability (linear models: *P* \> 0.10 for each). Figure 2:Distribution of individual measurements of body condition index (BCI; **a**) and feather corticosterone (CORT; **b**) at 3--4 weeks post-hatch for brown pelican nestlings later found dead after banding, presumed fledged and resighted alive after leaving the breeding colony in the northern Gulf of Mexico, 2013--15. Significant between-group differences are indicated by asterisks (\**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001).

Survival probabilities of individual nestlings \>60 days post-hatch were positively related to BCI and negatively related to CORT (Fig. [2](#cow060F2){ref-type="fig"}). Chicks found dead at the colony post-fledging had significantly lower BCI (ANOVA: *F*~1,40~ = 11.4, *P =* 0.002) and significantly higher CORT (ANOVA: *F*~1,40~ = 18.4, *P* \< 0.001) at 3--4 weeks after hatching than did chicks that were resighted alive after fledging.

Colony-specific nest productivity and chick survival {#cow060s3b}
----------------------------------------------------

Within breeding colonies, CORT levels were correlated with nest productivity at individual observation plots. Nest productivity (Fig. [3](#cow060F3){ref-type="fig"}a) and nestling feather CORT (Fig. [3](#cow060F3){ref-type="fig"}c), but not nestling BCI (Fig. [3](#cow060F3){ref-type="fig"}b), differed significantly between ground and elevated subplots at two of the four colonies with both ground and elevated nests. Of the remaining three colonies, two contained only shrub nests and the third contained too few ground nests to assess differences in productivity relative to shrub nests. Overall, colony-wide productivity rates were positively correlated with average BCI (Fig. [4](#cow060F4){ref-type="fig"}a) and negatively correlated with average CORT (Fig. [4](#cow060F4){ref-type="fig"}b) of sampled chicks. The strongest model predicting colony-specific nest productivity as a function of chick health parameters, which was also the only model supported by comparison of AIC~c~ values, contained CORT alone (Table [1](#cow060TB1){ref-type="table"}). The top model explained 84% of the observed deviance (null = 1.91; residual = 0.31). Figure 3:Mean values for brown pelican nest productivity (**a**), body condition index (BCI; **b**) and feather corticosterone (CORT; **c**) of nestlings in elevated (green) and ground (brown) nest plots in the northern Gulf of Mexico, 2014--15. Significant within-colony differences are indicated by asterisks (\**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001); for all other differences, *P* \> 0.05. Error bars represent 95% confidence intervals of the mean. Figure 4:Correlation of mean brown pelican nest productivity to chick condition (BCI; **a**) and feather corticosterone (CORT; **b**) for colonies in the northern Gulf of Mexico, 2014--15. Points represent colony-wide averages except where different habitat types differed significantly in productivity, in which case mean values are separated by habitat type. Error bars represent 95% confidence intervals. Table 1:Candidate models for brown pelican nest productivity and nestling survival in the northern Gulf of Mexico as a function of colony-average body condition index (BCI) and feather corticosterone (CORT) of 3- to 4-week-old chicks, ranked in order of increasing Akaike information criterion (AIC~c~) values with model weights (*w*~i~), cumulative weights (Σ*w*) and relative likelihoods (*L*~i~)TermsAIC~c~Δ~i~ (AIC~c~)*w*~i~ (AIC~c~)Σ*wL*~i~ (AIC~c~)Productivity**CORT4.1700.940.941.00**BCI11.146.970.030.970.03BCI + CORT11.407.220.020.990.02Null model13.068.880.011.000.01Post-banding survival**CORT−17.6600.960.961.00**BCI + CORT**−**10.706.870.030.990.03BCI**−**6.3411.32\<0.011.00\<0.01Null model**−**5.4012.27\<0.011.00\<0.01Post-dispersal survival**CORT−19.8000.550.551.00Null model−18.741.060.320.870.59**BCI**−**16.533.270.110.980.19BCI + CORT**−**13.006.810.021.000.03[^2]

Modelled chick survival to fledge (3 months after hatch) at individual colony sites was negatively correlated with average CORT (Fig. [5](#cow060F5){ref-type="fig"}a). The strongest model predicting chick survival to fledge as a function of chick health parameters, which was also the only model supported by comparison of AIC~c~ values, contained CORT alone (Table [1](#cow060TB1){ref-type="table"}). The top model explained 91% of the observed deviance (null = 0.144; residual = 0.013). The relationship between BCI and survival to fledge showed a non-significant positive trend, and BCI was not supported as a predictor of average colony-wide survival rates (Table [1](#cow060TB1){ref-type="table"}). Figure 5:Relationship of colony-wide mean brown pelican nestling feather corticosterone (CORT) to probability of survival to fledge (**a**) and post-dispersal survival (**b**) in the northern Gulf of Mexico, 2014--15. Error bars represent 95% confidence intervals.

Average CORT values at individual colony sites were negatively correlated with modelled chick survival post-dispersal (to 6 months after hatching; Fig. [5](#cow060F5){ref-type="fig"}b). Both the CORT-only model and the null model were supported as predictors of post-dispersal survival, although the former was 1.7 times as likely as the latter to be the best model (Table [1](#cow060TB1){ref-type="table"}). The top model explained 48% of the observed deviance (null = 0.026; residual = 0.012). Body condition index was not included in any supported models of post-dispersal survival.

Nutritional stress {#cow060s3c}
------------------

Energy provisioning rate showed a non-significant positive trend in relationship to BCI (linear model, coefficient = 1.04 ± 0.52, *t*~5~ = 2.02, *P =* 0.10; Fig. [6](#cow060F6){ref-type="fig"}a) and a significant negative relationship to feather CORT (linear model, coefficient = −613 ± 155, *t*~5~ = 3.97, *P =* 0.01; Fig. [6](#cow060F6){ref-type="fig"}b). The two biomass components of EPR, feeding frequency (meals per chick day^−1^, μ = 2.51, *n* = 142) and meal mass (grams per meal, μ = 157.6, *n* = 583) had similarly high levels of overall variation \[coefficient of variation (CV) frequency = 0.64; CV mass = 0.76\], whereas energy density of meals (kilojoules per gram, μ = 4.34, *n* = 583) was less variable (CV = 0.10). Energy provisioning rate explained 76% of observed variance in colony-wide average feather CORT and 45% of observed variance in colony-wide average BCI (Fig. [6](#cow060F6){ref-type="fig"}). Of the separate components of EPR (Table [2](#cow060TB2){ref-type="table"}), meal delivery rate explained the largest portion of variance in each of the two chick health metrics (CORT, 30.5%; and BCI, 33.0%), followed by meal mass (CORT, 22.1%; and BCI, 3.7%) and energy density (CORT, 3.2%; and BCI, 0.1%). Energy provisioning rate was positively correlated with nest productivity (coefficient = 739 ± 258, *t*~5~ = 2.85, *P* \< 0.04, *R*^2^ = 0.62) and nestling survival to fledge (coefficient = 3365 ± 580, *t*~4~ = 5.80, *P =* 0.002, *R*^2^ = 0.87), and the relationship between EPR and post-fledging survival rates showed a positive but non-significant trend (coefficient = 6482 ± 3042, *t*~4~ = 2.13, *P =* 0.09). Figure 6:Relationship of brown pelican energy provisioning rate (EPR) to chick health parameters body condition index (BCI; **a**) and feather corticosterone (CORT; **b**) by colony in the northern Gulf of Mexico, 2014--15. Points represent colony-wide mean values, and error bars represent 95% confidence intervals. Table 2:Mean values (±SD) for brown pelican nest productivity, chick health metrics and energy provisioning metrics by colony in the northern Gulf of Mexico 2014--15ColonyProductivityBody condition indexCorticosteroneMeals day^−1^Grams per mealEnergy g^−1^Energy provisioning rate2014Shamrock0.51 ± 0.66**−**499 ± 4462.47 ± 0.521.63 ± 0.94205 ± 1384.66 ± 0.502094 ± 13742014Chester0.68 ± 0.79**−**136 ± 3722.44 ± 0.542.28 ± 2.25174 ± 1364.53 ± 0.612164 ± 20622014Galveston0.94 ± 0.86**−**251 ± 4722.09 ± 0.603.15 ± 1.50124 ± 913.99 ± 0.631750 ± 10312015Smith0.30 ± 0.64**−**189 ± 2093.02 ± 0.382.49 ± 1.22106 ± 784.35 ± 0.391383 ± 8102015Ten Palms1.64 ± 0.95193 ± 2911.56 ± 0.372.95 ± 1.68168 ± 1054.59 ± 0.352584 ± 15392015Audubon1.42 ± 0.85325 ± 3791.41 ± 0.282.49 ± 1.05191 ± 1704.33 ± 0.382500 ± 15622015Gaillard1.06 ± 0.85150 ± 2721.30 ± 0.462.61 ± 1.24175 ± 1024.69 ± 0.362561 ± 1300

Discussion {#cow060s4}
==========

We found that corticosterone in nestling feathers, which represents an integrated measure of developmental stress during feather growth, was highly correlated with traditional measures of reproductive success (fledglings per nest) and nestling health (BCI) at individual, subcolony and colony-wide scales. Moreover, our results indicate that measuring feather corticosterone in young, altricial chicks can explain differences in chick health, fledging success and post-fledging survival that are not captured by body condition alone.

Our first objective was to assess the relationship between feather CORT and a more traditional measure of nestling health, BCI ([@cow060C6]), as predictors of nestling survival. In accordance with recent work on other avian taxa, we found that nestling feather CORT was negatively correlated with both body condition ([@cow060C22]; [@cow060C37]) and fledging probability ([@cow060C22]; [@cow060C36]) at the individual level. Although both feather CORT and BCI were significantly correlated with chick survival to fledge, feather CORT predicted the fate of individual nestlings slightly better compared with BCI. At the colony level, models containing only feather CORT were favoured over models containing BCI with and without feather CORT as predictors of nest productivity, survival to fledge and post-dispersal survival. Additionally, feather CORT predicted within-colony differences in fledging success by habitat type that were not apparent in comparisons of BCI. The enhanced explanatory power of CORT compared with BCI may be attributable to both the longer time frame over which CORT integrates physiological condition and the sensitivity that BCI has to short-term variation in nutritional stress. For example, at the Shamrock Island colony the average mass of chicks was 2660 g and average meal mass 181 g, or about 7% of body weight. This relatively high ratio of meal mass to body mass, combined with the daily variation we observed in the mass of meals, makes BCI highly sensitive to feeding frequency and time since feeding. Meal delivery rates and the size of meals in relationship to chick mass can vary by more than one order of magnitude both among and within avian species ([@cow060C49]; [@cow060C2]), so the use of BCI as a measure of nestling condition requires consideration of how these short-term factors may influence its utility in describing long-term patterns of chick condition. Feather CORT integrates a longer time series of conditions ([@cow060C10]) and thus may be less susceptible than BCI to short-term variation. The fact that we measured feather CORT early in development (\~20--30 days into a 60--90 day nesting period) and found a strong relationship to fledging probability further indicates that feather CORT levels during early development can accurately predict survival through the breeding season.

We also assessed the relationship between feather CORT and variation in local (site- and nest-specific) conditions. Although nestling feather CORT is strongly correlated with environmental conditions during development (e.g. [@cow060C26]; [@cow060C36]; [@cow060C66]), site- and nest-specific factors can still confound the environment--stress relationship ([@cow060C21]; [@cow060C36]). We did not find a significant influence of either hatch order or number of siblings on feather CORT. A previous study of plasma CORT in brown pelican nestlings ([@cow060C19]) also found no effect of brood size or hatch order on stress levels; however, sibling dynamics have been found to affect feather CORT levels in nestling raptors ([@cow060C70]; [@cow060C37]). We did find an influence of microhabitat characteristics (elevated vs. ground nest location) on feather CORT. Nestlings at elevated nests might benefit from improved passive thermoregulation, reduced energy expended in movement, and reduced aggressive interactions with neighbouring adults and nestlings that subsequently act to maintain lower levels of feather CORT. Our study concurs with data on brown pelican nest productivity in Louisiana ([@cow060C61]), suggesting that nestlings from elevated nests tend to survive longer than nestlings from ground nests, contributing to increased nest productivity at elevated sites. If elevated nest sites offer improved fledging success, positive reinforcement may occur at these sites if experienced or dominant breeders preferentially select and defend elevated nesting sites.

Finally, we tested the relationship between nestling health metrics, nutritional stress (EPR) and breeding success. Pelicans in our study area rarely experience nest predation, human disturbance or extreme weather events during breeding; hence, few factors are likely to confound the relationship between developmental stress and chick mortality. Our results indicated that both nestling feather CORT and nestling BCI were highly correlated with EPR, and that EPR explained 87% of the variation in chick survival between the colonies we studied. Of the components of EPR, meal delivery rate explained a larger portion of the variance in survival metrics and nestling health than did meal mass or energy density of prey. Meal mass also explained a high proportion of variance in nestling feather CORT, although not BCI or survival, whereas energy density had no significant linear relationships with nestling health or survival metrics. The low correlation between nestling health and energy density in this system is in contrast to previous studies of seabirds (reviewed by [@cow060C44]) that have suggested prey quality as a key driver of nestling survival. We posit that the weaker relationship we observed may be attributable in part to a narrower range of energy content of prey in the Gulf of Mexico, particularly a lack of prey with the high levels of energy density and lipid content that occur in high-latitude systems ([@cow060C58]; [@cow060C4]). Once nestlings fledged, EPR at the natal colony was no longer a strong predictor of survival probability, indicating that differences in the quantity of food during development are not a dominant driver of survival after dispersal. However, both feather CORT and BCI were correlated with post-fledging survival, which suggests that nutritional stress during development may continue to influence the probability that individuals will survive to recruit back into the breeding population once they have fledged. The demographic effects of negative feedbacks between developmental stress and recruitment have been documented in other seabird species (e.g. [@cow060C32]). Linking these parameters is a necessary step toward understanding the long-term demographic consequences of perturbations in the developmental environment.

Given its ease of implementation and strong relationship to nestling survival, feather CORT is uniquely suited to detecting the effects of sublethal stress on reproductive success and can be collected rapidly in response to unexpected environmental perturbations. Although measuring feather CORT requires more post-collection laboratory analysis than traditional reproductive success and chick health metrics, its advantages include minimal disturbance at breeding colonies, ease of collection and storage, and the ability to sample multiple colonies in a short time. However, interspecific differences in the stress response may make this technique more suitable for some seabird species than others (e.g. [@cow060C31]). The existence of a detectable relationship between environmental covariates and nestling stress is a crucial prerequisite for using feather CORT as an indicator of environmental conditions. Moreover, to draw inferences at broad spatial scales (e.g. between colonies or regions), sampling regimes would need to account for the influence of varying habitat characteristics. Several recent studies of feather CORT, particularly [@cow060C23], [@cow060C36] and [@cow060C37], have described the context dependence of the stress--environment relationship and its sensitivity to local-scale habitat quality and climatic variation. Our results indicate that, although sibling dynamics do not confound variation in feather CORT in this species, nest height can affect both physiology and survival. These differences highlight the importance of understanding how different site- and individual-specific factors contribute to underlying variation in measured parameters, and how these factors could interact cumulatively or multiplicatively with environmental conditions to mask or exaggerate the effects of perturbations on reproduction.

We found both inter- and intraregional variation in colony-specific nestling health and reproductive success in baseline conditions across the northern Gulf of Mexico. The foraging environment experienced by breeding seabirds depends on a variety of biotic and abiotic factors that can change across a species' range as well as between and within breeding seasons. Distinguishing the effects of environmental perturbations requires that the effects of short-term changes to foraging conditions be distinguished from the background noise of pre-existing variation. End points that can be measured consistently across space and time provide a unifying approach for long-term monitoring efforts that can compare baseline measures with post-disturbance conditions. Our study provides evidence that feather CORT can be used to detect differences in underlying nutritional quality and predict reproductive parameters in a free-living seabird population, in which nestlings elevate stress hormone levels in response to nutritional constraints, making it an appropriate basis for long-term monitoring of population-wide reproductive health and, ultimately, detection of the indirect demographic effects of environmental change.
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